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ABSTRACT 

This paper presents a combined study of tar and extractables formation and 
crosslinking processes during rapid pyrolysis of coal. Tar and extractables 
were characterzied by gel permeation chromatography, and crosslinking by a 
solvent swelling technique. The behaviors of coals ranging in rank from low 
volatile bituminous to a lignite were examined. 
coal crosslinks at a much lower temperature than the high volatile bituminous 
coals, and that the low volatile bituminous coal is already highly crosslinked 
to begin with. 
and nature of tars and extractables produced by pyrolysis of these different 
ranks of coal. 

INTRODUCTION 

It has recently been shown that the technique of solvent swellinq, as has been 
applied to the analysis of the macromolecular structure of coals , can also be 
applied to the analysis of chars produced by pyrolysis2. 
utilized in this paper to he13 shed further light on the complex processes of 
lodepolymerization" and charification that occur during pyrolysis of coals. 
particular, the differences manifested by coals of different ranks are 
considered. 

EXPERIMENTAL 

*Present Address: Shell Development Co., Houston, Tx. 

It was noted that the low rank 

These observations may help explain the widely differing yields 

This technique is 

In 

The analyses of the four coals examined in this study are provided in Table 1. 
All samples used in this study had particles in the size range 53-88 pm. 
Pyrolysis was performed in an electrically heated wire mesh, which assures 
uniform and rapid heating of all particles. 
with a heating rate of roughly 1000 K/s, up to the indicated-peak temperature, 
followed by cooling a a rate between 200 and 400 K/s. 
performed either in vacuum or in atmospheric pressure helium. 

All experiments were performed 

All pyrolyses were 

Table 1 
-CJ* U1 t 'mate 

Mois- 
L J - O X S W  ture 

Bruceton Pitts, No. 8 bituminous 80.4 5.3 6.7 1.6 1.0 4.6 1.7 
Hillsboro Ill. No. 6 bituminous 67.2 4.6 12.3 1.2 3.4 11.7 8.6 

Beulah, No. Dakota Lignite 66.7 3.7 19.5 0.9 0.8 9.3 32.4 
W. Va. Pocahontas low volatile bit. 84.4 4.2 3.7 0.3 0.5 6.8 0 . 2  

* ~ l l  results on a dry basis except moisture, which is reported on an as-received 
basis. All analyses by Huffman Laboratories, Inc. 

As used in this paper, the term lltarsll refers to room temperature condensible 
products which have been expelled from the particles during pyrolysis. 
materials generally have a molecular weight greater than 100, and are more than 
97% soluble in tetrahydrofuron (THF). 
in the char, which are THF soluble. 

These 

Extractables are materials left behind 
The extraction procedure is very mild, 
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involving a 1-hour ultrasonicated soak in THF (during which time the THF reached 
reflux temperatures). 
metaplast-the softened, transportable fraction of the coal. 
to bear in mind that the estimate of metaplast obtained by summing tar plus 
extractables is a minimum value for that present in the coal during actual 
pyrolysis, since some recombination reactions may occur between extractables and 
unextractable char during cooling. 

The analysis of the molecular weight distributions of the tars and extractables 
is performed by gel permeation chromatolgraphy (GPC), as has been described 
elsewhere3. 
performed by vapor phase osmometric measurement of the molecular weights of 
actual fractionated samples of Bruceton coal tars. 

The solvent swelling technique has also been described elsewhere1r2. It involves 
measurement of the height of columns of coals and chars immersed in pyridine, in 
order to determine volumetric swelling ratios in the presence of the solvent. 
With a knowledge of the nature of solvent-coal interaction, this information can 
be used to estimate molecular weight between crosslinks in the coals and chars. 

The sum of tar plus extractables is referred to as 
It is important 

It should be noted that calibration of the GPC columns was 

RESULTS AND DISCUSSION 

In an earlier communication, it was shown that the Bruceton bituminous coal 
apparently crosslinks at a somewhat higher temperature than does the North 
Dakota lignite2. 
prevents softening of low rank coals during pyrolysis. 
consistent with the low tar formation tendency of low rank coals, in the sense 
that tar precursors are quickly crosslinked into the char of low rank coals, 
prior to their escape. 

The solvent swelling tendency of the coal chars has been used as a qualitative 
index of the extent of crosslinking: the higher the swelling ratio, the lower 
the degree of crosslinking. In this manner, comparative solvent swelling data 
are shown for all four ranks of coal, in Figure 1. 

The low volatile bituminous coal swells to an extent of less than 5 %  in 
both the unpyrolyzed state and as a char. 
much about changes in the network structure of this coal during pyrolysis, based 
on solvent swelling information. 

The Illinois #6 high volatile bituminous coal has swelling behavior very similar 
to that observed for the Bruceton high volatile bituminous coals. Both these 
coals soften markedly and both yield copious amounts of tar during pyrolysis. As 
noted previously2, both these coals show little further tar formation at 
temperatures above about 900 K, a temperature at which new crosslink formation 
is quite measurable by this technique. It may be noted that the tars of these 
coals also show remarkably similar molecular weight distributions1. 

In contrast, little tar formation is seen at temperatures much in excess of 700 
K in the case of the North Dakota lignite2. 
bituminous and lignite data it might be tempting to ascribe signficance to a 
swelling ratio of about 2 as the lowest value at which tar formation is 
Possible. 
coal yields significantly more tar than the lignite, despite its highly 
crosslinked nature. 

This is consistent with the viewpoint that early crosslinking 
This observation is also 

Consequently, it is difficult to say 

On the basis of the high volatile 

This of course is inappropriate, since the low volatile Pocahontas 

Table 2 shows the yields of tar form the Pocahontas sample. 
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Table 2 
Pocahontas Tar Yields 

Temuerature I Kl yield twt .  %. as receivedl MWN 7 37 3.0 m 
1083 9.1 199 

The number average molecular wieght of the Pocahontas tar is seen to 
significantly decline with increasing temperature. 
distributions are seen in Figure 2. 
Figure 2 (and later in Figure 3) are partially integrated molecular weight 
distributions. 
molecular weight i100 mass units of the abcissa value. 

The sharp peak of the Pocahontas tar molecular weight distribution in the range 
300-500 is quite different than that of the tars of lower rank bituminous coals: 
as shown previously, these coals have a peak in the range from 600 to 7003. The 
implication appears to be that the Pocahontas coal is as highly crosslinked to 
start, that it is unlikely that enough bonds can break so as to yield large tar 
fragments. 
released by bond breakage processes, and the higher the crosslink density, the 
lower the probability that enough bonds can be broken during pyrolysis in order 
to release the fragment. 

Figure 3 shows the variation of molecular weight distribution with temperature 
for the North Dakota lignite. The number average molecular weight at 737 K is 
323, whereas at 1133 K it is 279. The decrease in number average molecular 
weight of the tar species with increasing temperature in the case of the lignite 
(and the low volatile bituminous coal) is contrary to what might be expected 
based on vapor pressure arguments (higher temperatures should promote 
vaporization of even fragments of the coal). This trend towards lower 
number average molecular weight of fragments with increasing severity of thermal 
treatment is, however, consistent with the data that imply a higher degree of 
crosslinking with a more severe thermal treatment. 
polycondensation process, the molecular weight of extractables decreases with 
extent of polycondensation4. 
high volatile bituminous coals, which show little variation of either number 
average molecular weight or molecular weight distributions with increasing 
temperature3. Presumably this reflects the fact that little crosslinking occurs 
during the active tar formation period2. 

The molecular weight distributions of the extracts of the Bruceton high volatile 
bituminous coal have been shown previously3. These data are summarized in Table 
3, along with data on the metaplast (sum of tar plus extractables) molecular 
weight distribution for this same coal. 

The actual molecular weight 
The molecular weight distributions shown in 

The ordinate represents the weight percent of tar at any 

Or, viewed another way, the larger the fragment of coal to be 

It has been shown that in a 

This behavior is not observed in the case of the 

Table 3 
Molecular Weiaht Distributions of Extractables and Metaulast 

f-* 

Nolecular Weiaht Ranae Fxtractables Metaulast 
100-1100 178 wt. 46% wt. 
1100-2100 
2100-3100 
3100-4100 

>4100 
NO. AVG. MOL. WT. 

31% 31% 
24% 13% 
13% 5 %  
15% 5% 

1002 533 

*All results for vacuum pyrolysis to a peak temperature of roughly 740K. 

293 



The difference between the extractables and metaplast arises form the fact that 
the latter contains a substantial contribution of species which were 
sufficiently light so as to have evaporated and been measured as tar, outside 
the particle. 

A comparison of the number average molecular weight of the extractable pyrolysis 
fragments and the number average molecular weight between crosslinks is useful 
in characterizing the manner in which the crosslinked structure breaks down. 
In order to calculate the moleculear weight between crosslinks from solvent 
swelling data, the Flory-Rehner equation is often employed’, but is subject to 
criticism when applied to highly crosslinked, rigid networks6! 7. Nevertheless, 
the Flory-Rehner equation is often used as an approximation because of the lack 
of information concerning the repeat unit size, needed for more sophisticated 
models8# 9 .  The Flory-Rehner equation may be expressed as: 

where pc is the density of the original coal,-ps is the density of the solvent, 
M, is the molecular weight of the solvent, X is the solvent-network interaction 
parameter, and e is the inverse of the swelling ratio. The evaluation of X is 
also difficult, particularly since pyridine is a specifically interacting 
solvent. Table 4 shows a range of X values and their effect on FIc for the 
Bruceton coal (or char up to about 800 K). 

Table 4 
Tvuical Values of A, for Bruceton Coal - 

X - AC- 
0.3 l l U 5  
0 . 4  
0.5 
0.6  

1 4 6 4  
2172 
4204 

The range of % obtained by this method compares well with estimates based on a 
rigid chain model applied to comparable ranks of coalg, in the range x = 0.3 to 
0.5. It is seen that the extractable and transportable fragments of the coal 
have a number average molecular weight which is comparable to or smaller than 
the number average molecular weight between crosslinks, for any reasonable value 
of x. 
CONCLUSIONS 

1. A lignite is seen to crosslink at much lower pyrolysis temperatures than high 
volatile bituminous coals. 
highly crosslinked to use solvent swelling to track pyrolysis behavior. 

2 .  The downward shift in molecular weight distributions of pyrolysis tars with 
increasing temperature from a lignite and a low volatile bituminous coal is 
consistent with occurrence of polycondenstation during pyrolysis. 

3. Pyrolysis fragments appear to be, on average, comparable in size to or 
smaller than the number average molecular weight between crosslinks in a 
Bruceton bituminous coal. 

A low volatile bituminous coal is already too 
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Figure 1. 
f o r  four  coals .  ( e )  I l l i n o i s  NO. 6 ,  (A) Bruceton, ( X )  Beulah Ligni te ,  (n) 
Pocahontas. 
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Figure 2 (top). Molecular weight distribution of t j m  evolved during pyrolysis of Pocohontu low volatile 
bituminous coal. Curves ahow range of pyrolysis temperaturea over which the tar was evolved. 

Partially integrated C U T V ~ S .  2s described in text. 

Figure 3 (bottom). rMolecul~r  weight distribution of tala evolved during pyrolysis of Beulah lignite. 
Curves show range of pyrolysis temperatures over which the tar w w  evolved. Pnrtinlly integrated 
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